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1 50 
Petunia. KPS...EIVL QPIKEISGTV KLLGSKSLSN RILLLAALSE GTTVVONLLS 
Tomato. KPH...EIVL xPIKDISGTV KLPGSKSLSN RILLLAALSE GRTVVDNLLS 
Arabidopsis. KAS...EIVL QOPIREISGLI KLEGSKSLSN RILLLAALSE GTTVVDNLLN 
Soybean. KPSTSPELVL EPIKDPSGTI TLPGSKSLSN RILLLAALSE GTTVVONLLY 
Maize. _.AGAERETIVL QPIKEISGTV KLPGSKSLSN RILLLAALSE GIIVVDNLLN 
B.napus KAS... EIVL QPIREISGLI KLEGS:occxx RILLLAALSE GTTVVDNLLN 
E.coli MES.,..LTL QPIARVDGTI NLPGSKIVSN RALLLAALAH GKTVLTNLLD 
Salmonella. MES.,...LTL QOPTARVDGAI NLEGSKSVSN RALLLAALAC GKTALTNLLD 
Bordatella. LMSGLAYLDL PAARLARGEV ALPGSKSISN RVLLLAALAE GSTEITGLLD 
Consensus ananeenn al vmenmmntjem =LPGSK--SN R-LLLAAL“-- G-T----LL- 
51 109 
Petunia. SDDIHYHLGA LKTLGLHVEE DSANQRAVVE GCGGLFPVGK ESKEBIQLFL 
Tomato. SDDIHYHLGA LKTLGLYVED DNENQRAIVE GCGGOFPVGR KSEEELOLFL 
Arabidopsis. SDDINYHLDA LKRLGLNVET DSENNRAVVE GCGGIFPASI OSKSDIELYL 
Soybean. SEDIHYMLGA LRTLGLRVED DKXTTRQAIVE GCGGLFPTSK ESKDEINLFL 
Maize. SEDVHYMLGA LRETLGOLSVEA DKAAKRAVVV GCGGKFPVE. DAKEEVOLFL 
BR. napus SDDINYMLDA LKKLGLNVER DSVNNRAVVE GCGGIFPASL DSKSDIELYL 
E.coli SDDVRHMLNA LTALGVSYTL SAURTRCEII G....NGGPL HARGALELFL 
Salmonella. SDDVRHMLNA LSALGINYTL SADRTRCDIT G....NGGAL RAPGALELFL 
Bordatella. SDDYPRVMLAA LROLGVSVGE .......VAD GCVIIEGVAR FPTEQAELFL 
Consansus Sa DewM eA Lan L Geer men Gare nmi mean om Peso 
101 a. 150 
Petunia. GNAGTAMRPL TAAVIVAGGN SRYVLDGVFR HRERPISDLV DGLEQLGARV 
Tomato . GNAGTAMRPL TAAVIVAGGH SRYVLDGVER MRERPIGDLV DGLKOLGAEV 
Arabidopsis. GNAGTAMRPL TAAVTAAGGH ARYVLOGVPR MRERPIGOLY VGLKQLGADV 
Soybean. GNAGTAMRPL TAAVVAAGGN ASYVLOGVPR MRERPIGOLV AGLKQLGADV 
Maize. GNAGTAHRPL TAAVTAAGGN ATYVLDGVPR MRERPIGDOLVY VGLEQLGADV 
B. napus CNAGTAMRPL TAAVTAAGGN ARYVLDGVPR HRERPIGULY VGLKOLGADV 
E.coli GNAGTAMRPL AAALCLGSND IV..LIGEPR MRERPIGHLV DALRLGGARI 
Salmonella. GRAGTAMRPL RAALCLGONE IV. .LTGEPA MLERPIGHLV DSLROGGANT 
Bordetella. GHAGTAFRPL TAALALMGGD ..YRLSGVPR MHERPIGDLV DALROFGAGI 
Consensus GNAGTAWRPL -AAn-semen -- =~ LeGeB- MeERPI<<LV ~=L-+-GA-~ 
| 151 200 
Petunia. DCELGTKCEP VRIVSKGGLP GGKVKLSGSI SSQYLTALLM AAPL... .AL 
Tomato. DOSLGTNCPP VRIVSKGGL? GGKVKLSGSI SSQYLTALLM AAPL....AL 
Arabidopsis. ECTLGTNCPP VRVNANGGLP GGKVKLSGSI SSQYLTALLM SAPL....AL 
Soybean. DCFLGTNCPP VRVNGKGGLP GGRKVKLSGSV SSOYLTALLM AAPL....AL 
Maize. DCELGTDCPP VRVNGIGGLP GGEVELSGSI SSQYLSALLM AAPL..,..AL 
B.napus ECTLGTNCPP VRVNANGGLP GGKVXLSGSI SSQYLTALLM AAPL... .AL 
E.coli TYLEQENYPP LRLQGGF..T GGNVOVDGSV SSQFLTALLY TAPL....AP 
Salmonella. DYLEQENYPP LRLRGGF..T GGDIEVRGSV SSQFLTALLM TAPL....AP 
Boxderelia. EYLGQAGYPP LRIGGGSIRV DGPVRVEGSV SSQFLTALLM AAPVLARRSG 
Consensus ween PP =Remem nee Gowen et§= SSQ-L-ALLH -AP----<~~ 
202 250 
Perania. CDVELELIDK LISVPYVEMT LELMERFGIS VEHSSSWDRF FVRGGOKYKS 
Tomara. GDVELETIDK LISVFYVEMT LKLMERFGVF VEHSSGHDRP LVRGGQKYKS 
Arabidopsis. GIVETEIVOK LISVPYVEMT LELMERFGVS VEHSDSWDRF FVKGGORYKS 
Soybean. GDVELETVDK LISVPYVEMT LRLMERFGVS VEHSGNWDRF LVEGGOKYKS 
Maize. GUVEIELIDK LISIPYVEMT LRLMERFGVK AEHSDSWDRF YIKGGQKYKS 
B.nagus GDVBIETIDR LISVPYVEHT LKLMERFGVS AEHSDSWDRF FVKGGORYKS 
E.coli SOVIRIRGD LVSRHPYEIDIT LNLMKTFGVE TENQHYQQ.F VVKGGQSYQS 
Salmone. La. RO“ZIRVEGE LVSKPYIDIT LNLMRTFGVE TANHHYQQ.F VVKGGQQYHS 
Sordecelia. QDITIEVVGE LISKPYIBIT LNLMARFGVS VRRDGWRA.F TIARDAVYIRG 
Consensus wo Don Lo nnn L-S+BYeeeT Le LMaFGV= cows ceF seen oe Yoon 
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Petunia. PRRAPVEGDA SSASYPLAGA AVTGGTITVE GCGTNSLOGD VEFAEVLERM 
Tomato, PGKAPVEGDA SSASYFLAGA AVIGGTVTVE GCGOTSSLOGD VKFAEVLEKM 
Arahidopsia,. | PGHAYVEGDA SSACYFLAGA AITGETVTVE GCGTTSLOGD VHFAEVLEKM 
Soybean. PGNAFVEGDA SSASYLLAGA AITGGTITVN GCGTSSLOGD VKFAEVLEKM 
Maine. PKNAYVEGDA SSATYPLAGA ALTGGTVTVE GCGTTSLOGD VKFAEVLEMM 
B.mapuds PGNAYVEGDA SSASYPLAGA AITGETVTVE GCGTTSLOxx sxoCOmO0KKKxX 
E.coli PGTYLVEGDA SSASYFLAAA ATKGGIVEKVT GIGRNSMOGD IRFADVLEKM 
Salmonella. PGRYLVEGDA SSASYPLAAG ATKGGTVKVT GIGRKSMDGD IRPADVLELM 
Bordetella. PGRMAIEGDA STASYPLALG AIGGGPVRVT GVGEDSIOGD VAFAATLAAM 
Consensus Pee~~VEGDA S-A-YeLAc~ Aow<Geen-V- G-G-~S-OGD --FA--L--H 
301 350 
Petunia. GAEVIWTENS VIVRGPPRESS SGRRALRAID VNMNKMPDVA MTLAVVALYA 
Tomato. GAEVIWTENS VIVKGPPRNS SGHMKELRAID VNMNKMPDVA MTLAVVALFA 
Arabidopsis. GCKVSWTENS VIVTGPPRDOA FGHRELRAID VNMNKMPDVA MTLAVVALFA 
Soybean. GAKVIWSENS VTVSGPPRDF SGREVLRGID VNMNKMPOVA MILAVVALFA 
Maize GAKVIWTETS VIVTIGPPRSH FGREBLRAID VRMNKMPDOVA MTLAVVALFA 
H. napus FOCQOOOOR IOOOQQOOCREX ORCOROROG JOCTIROOXRU 2OCmeRCouEHK 
E.coli GATICWGIIDY I......4+5 CTRGELNAID MOUNHIPDAA MTTATAALFA 
Salmonella, GATLITIWGRDP IT... .nen ed CIRGELHAID MDMNHIFOAA MITATTALFA 
Bordetella. GADVRYGPGHW IETRGVRVAE GGR..LKAFD ADFNLIPDAA MTAATLALYA 
Consensus (Sm we meena ee mtn mt 7 oe me meh ew Lew an yee POA MT~Aw~-AL“A 
351 -. 400 
Petunia, DGPTAIRDOVA SWRVKETERM JTAICTELRKL GATVEEGEDY CIITTPPeERLN 
Tomara., DGPTTIRDVA SWRYKETERM TAICTELRKL GATVVEGSDY CIITPPEKLN 
Arabidopsis. DGPITIRDVA SWRVKETERM TAICTELRKL GATVEEGSDY CVITPPERK.. 
Soybean, NGPTALROVA SWRVKETERH IAICTELRKL GATVEEGPDY CVEITPPEKLN 
Maize DGPTAIRDOVA SWRVKETERM VAIRTELTRL GASVEEGPDY CIITPPERIN 
B.napus XKXXXXKKXKN XOOKXKETERM TAICTELRKL GATVERGSDY CVITPPAK..— 
E.coli KGTIRLANIY NWRVKETORE FAHATELRKV GAEVEEGHDY IRITPPEKLN 
Saimonella. KRGTTILRNIY NWRVKETORL FAMATELRKV GAEVEEGHDY IRITPPAKLQ 
Bordetella, DGPCRLANIG SWRVKETORI HAMHTELERKL GAGVQSGADW LEVAPPEPGG 
Consensus H“Gorvewe “WHVRET-R- ~A-<TEL-K- GA<V<<GeDe ««9- BB w= 
401 450 
Petunia. V..TDIDTYD DHRMAMAFSL AACADVPVTI NDPSCTRKTF PNYFDVLOOY 
Tomato. V, TEIDTYD DHRMAMAPSL AACADVEVTI KNPGCTRKTF POYFEVLORY 
Arabidopsis. VETAEIDTYD DHRMAMAFSL AACADVPITI NDSGCTRKTF POYFQVLERT 
Soybean, V..TATDIYD DHRMAMAPSL AACGDVPVTT KDP.CTRKTF FPOYFEVLERL 
Maize V..TAIDTYD DHRMAMAFSL AACAEVPVTI RDPGCTRATY PDYPDVLSTF 
B.napus VKPAEIDOTYD DHRMAMAFSL AACADVPVTI RinGODOCKxX F2CDORGRDOORKK 
E.coli E..AEZATYN DHRMAMCPSL VALSDTFVTI LDPKCTARTFY PDYFEQLART 
Salmonelia. - -HADCGT DHRMAMCESEL VALSDTPVEI LDPKCTARTP PDYPEQLARM 
Bordetella. WHDAHIGT DHRMAMCELEL AAFGPAAVRI LDPGCVSKTP PDYFDVYAGEL 
Consensus ween eT DHRKAM<F-L, -Asw ee Vel wwe Cee RTE PAY Per enw 
451 
~Petusia, S3H. 
Tomato. SSH. 
Arabidopsis. TRH. 
Soyhean., TRH. 
Maire VAN. 
=."7apus XXX. 
E.cold SQAA 
Sé.m0ne@. fa. SIPFA 
Borcetewla. LAA. 
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GLYPHOSATE-TOLERANT 
5-ENOLPYRUVYL-3-PHOSPHOSHTKIMATE 
SYNTHASES 


BACKGROUND OF THE INVENTION 


Recent advances in genetic engineering have pro- 
vided the requisite tools to transform plants to contain 
foreign genes. It is now possible to produce plants 
which have unigne characteristics of agronomic impor. 
tance. Certainly, one such advantageous trait is herbie 
cide tolerance, Herbicide-tolerant crop plants could 
reduce the need for tillage to contro! weeds, thereby 
effectively reducing costs to the farmer. 

One herbicide which is the subject of much investion- 
tion in this regard is N-phasphonomethyl glycine, 


i 
ala a 
On 


This herbicide is a non-selective, broad spectrum, post. 
crmergence herbicide which is registered for use on 
more than fifty crops. This molecule is an acid, which 
dissociates in aqueons solution to form phytotoxic 2n- 
ions. Several anionic forms are known. As usad herem, 
the term “giyphosate™ refers to the acid and its anions. 

Glyphosate inhibits the shikimic acid pathway which 
provides a precursor for the synthesis of sromatic 
amino acids. Specifically, glyphosate inhibits the con- 
version of phosphoenolpyruvate and 3-phaspho- 
thikimic acid to 5-cnolpyravyl-3-phosphoshikimic acid 
by mbibiting the enzyme S-cnolpyruvyl-3-phaspho- 
shikimite synthase, 

it bas been shown that glyphosate-tolerant plants can 
be produced by inserting into the genome of the plant 
the capacity to produce a higher level of EPSP syn- 
thase. 


The present invention provides a 
the effectiveness af glyphasate-tolerant plants by pro- 
ducing variant EPSP synthase enzytpes which exhibit 2 
lower affinity for glyphosate while maintaining cata- 
lytic activity, 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1A~-1B shows the amino acid sequences for 
EPSP synthase enzymes from various plant, and bacte- 
tial species, 

FIG. 2 represents a map of plasmid pMONSI35. 

FIG. 3 represents a map of plasmid pMONE95. 

FIG. 4 represents a map of plasmid pMONSI5. 

FIG. 5 represents a restriction map of the T-DNA of 
pTil37 plasmid of A. tumefactens A208. 


which will maintain g high level of glyphosate tolerance 
while lowering the Kiev values for phosphoenalpyr- 
uvate. 

All peptide structures represented in the present spec- 


5 ification and claims are shown in conventional format 


35 


means of enhancing 40 


45 


30 


FIG. & represents a map of intermediate piant trans. 55 


formation vector pMON937, 
FIG. 7 represents a map of plasmid pMON8631. 


STATEMENT OF THE INVENTION 


The present invention provides novel EPSP synthase 60 


enzymes which exhibit increased tolerance to giypho- 
sate herbicide while maintaining low Ki, values for 
phosphoenolpyruvate. The subject enzymes of this in- 
vention have an alanine for glycine substitution and an 
aspartic acid for glycine substitntion as described here- 
inatier. 

In another the present invention provides a 
method for the isolation of amino acid substitutions 


6&3 


Wherein the amina group at the N-terminus appears to 
the left and the carboxyl group at the C+tenminus at the 
right. Likewise, emino acid nomenclature for the nati- 
rally occurring amino acids found in protein ts as fol- 
Jows: alanine (ala:A), asparapine {Asn;N), aspartic acid 
(Asp;D), arginine (Arg:R), cysteine (Cya:C), glutamic 
acid (Glu;E), glutamine (Gin;Q), glycine (Gly;Q), histi- 
dine (His;H), isoleucine (e:1), leucine (Leu), Jysine 
GysE), methionine (Met:M), phenylalanine (Phe;F), 
proline (Pro;P), serine (Ser,S), threonine (Thr;T), tryp- 
tophan (Trp;W), tyrosine (Tyr¥} and valine (Va);V}. 
For purposes of the present invention the term “mature 
EPSP synthase” relates to polypeptide without the 
N-terminal chloroplast transit peptide. Iris now known 
that the precusor form of the EPSP synthase in plants 
(with the transit peptide) is expressed and upon delivery 
ta the chloroplast, the transit Peptide is cleaved yielding 
the mature EPSP synthase. Al} numbermg of amino 
acid positions are given with respect to the mature 
EPSP synthase (without chloroplast transit peptide 
leader), 

FIG. 1 shows the amino acid sequence for EPSP 
tynthase from various plant, and bacterial species, In- 
spection of the sequences and alignment to maximize 
the similarity of sequenre reveals regions of conrerved 
amino acid residues (indicated by the consensus se- 
quence) in the regions where the alanine for glycme 
substitution and aspartic acid or asparagine for glycine 
substitution are made. Indexd, all monofimetional EPSP 
synthase exxymes reported in the literature and in the 
present specification reveal a glycine at the two posi- 
tions in the conserved regions. Those familiar with the 
literature will recognize that some organisms, such as 
yeast and molds (Aspergillus sp) have 2 multifanctional 
“arom complex" which includes an EPSP synthuse 
component. The noted smino acids are also conserved 
and introduction of the described substitutions in the 
EPSP synthase component of the mulofonctignal 
“arom complex” should alsa result in the Blyphosate- 
tolerant activity. 

Specifically, the glycine residue which ix r 
the alanine reside in the preparation of the glyphosate- 
tolerant EPSP synthases of the present invention occurs 
at position 96 in the EPSP synthase of Bordetella pertus- 
sts (Maskell et al., 1988); position [01 in the EPSP syn- 
thase of petunia; position 101 in che EPSP synthase of 
tomato; position 10] in the EPSP synthase of Arabidap- 
as thaliena; position 101 in the EPSP cynthase of Bras- 
Sica napus; position 104 in the EPSP cynthaee of Glpane 
max; position 96 in the EPSP synthase of E coll K-12 
(Duncan e¢ aL, 1984) and position 96 in the EPSP syn. 
thase of Salmonella typAtmuriem (Stalker et al, 1985). 
The glycine residue which is replaced by an amino acid 
residue selected from the group consisting of aspartic 
acid and i in the preparation of the glypho- 
tate-tolerant EPSP synthases of the present invention 
occurs at position 137 in the EPSP synthase of Borde 
tella pertussis position 144 in the EPSP syothase of 
petunia; position 144 in the EPSP synthase of tomato; 
postion 144 in the EPSP synthase of Arabidopsis 
thaliana: position 144 in the EPSP synthase of Brassica 
napus at position 147 in the EPSP synthase of Glycine 
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max; position {37 in the EPSP synthase of E coli K-12 
gad position 137 in the EPSP synthase of Salmonella 
lyphimurium. These examples demonstrate that the als- 
nine for glycine and aspartic acid for glycine replace. 


ments can be introduced into the conserved regions of 5 


these other wild-type EPSP synthase enzymes to yield 
glyphasatetolerant EPSP synthase enzymes, 

Hence, in one aspect the present invention provides 
glyphosate-tolerant EPSP synthase enzymes and s 
method for producing such enzymes which COMprises 
substituting an alanine residue for the second glycine 
residue in » first conserved region having the sequence: 


oN GT oe 


located between positions 80 and 120 in the mature 
wild-type EPSP synthase amino acid sequence, and 
substituting an amino acid residue selected from the 
group consisting of aspartic acid and asparagine for the 
terminal glycine residue in a second region having the 
sequence: 


Eee me Pre mee we me Le Ve & J te Sg mer ak hae = 
Ge Xo A, 
where X1, Xz, X3, %4, X& and x7 are any amino acid and xs 
is either arginine (R) or lysine (K) and said second re- 
gion is located between positions 120 and 160 in the 
mature wild-type EPSP synthase amino acid sequence. 
In most cases the first conserved region will be located 
between positions 90 and 110 and the second conserved 
region between positions 135 and 150 in the marure 
EPSP synthase. 
in one embodiment, glyphosate-tolerant EPSP syn- 
thase coding sequences are useful in further enhancing 


the efficacy of glyphosate-tolerant transgenic plants. 


Methods for transforming plants to exhibit glyphosate 
tolerance are disclosed in European Patent Office Publi- 
cation No. 0218571 and commonly assigned U.S. patent 
application entitled “Glypbosate-Resistant Plants,” Ser, 
No. 879,814 filed Jul. 7, 1996, the disclosures of which 
are specifically incorporated herem hy reference. The 
present invention can be utilized in this fashion by iso- 
lating the plant or other EPSP synthase coding sequen- 
ces and introducing the no change in the DNA 
Sequence coding for EPSP synthsse ta result in the 
aforementioned substitutions in the translated EPSP 
synthase enzyme. 

In another aspect, the present invention provides a 
transformed plant cell and plant regenerated therefrom 
which contain x plant gene encoding a glyphosate-toler- 
ant EPSP synthase enzyme having a first sequence: 


ame eS me Ne ee Tm Ae 
located between positions 80 and 120 in the mature 
EPSP synthase ammo acid sequence and having a scc- 
ond sequence: 


D 


as 


40 


45 


A 


55 


4 
further comprises a DNA sequence encoding a chloro- 
plast transit peptide attached to the N-terminns of the 
mature EPSP synthase coding sequence, said transit 
peptide being adapted to facilitate the import of the 
EPSP synthase enzyme into the chloroplast of a plant 


Therefore, in yet another aspect the present invention 
also provides « plant transformation or expression veo- 
tor Comprising a plant gene which encodes a glypho- 
sale-tolerant EPSP synthase enzyme having a fiest se 
quence: 


gaan po eg Cons Ged et oa 


located between positions 80 and 120 in the mature 
EPSP synthase amino acid sequence and having # sec- 
Ond sequence: 


BD 
Ee Rowe Posen Yom sym ype LY me ye gm Emre ar pe AY me A, 


where x), Xz, X3, X4, 16, and x7 are any amino acid, and 
x4 is either arginine of hysine, said second sequonce 
located between positions 120 and 160 in the mature 
EPSP synthase amino acid sequence, 

According to still another aspect of the present inven- 
Hon, a process is provided that entails cultivating such a 
plant and, in addition, propagating och plant using 
propagules such as explants, cuttings and seeds or cross- 
ing the plant with another to produce progeny that also 
display resistance to glyphosate herbicide, 

The EPSP synthase sequences shown in FIG, J ftp- 

resent a broad evolutionary range of source materials 
for EPSP synthases. These data demonstrate that EPSP 
synthase from bacterial and plant material contain the 
eforementioned conserved regions. However, those 
skilled im the art will recognize that a particular EPSP 
synthase may be produced by and isolated from another 
source material which may not have the exact sequence 
of the conserved region. Indeed, it has been found that 
an alanine may be inserted for the first glycine of the 
conserved region of petunia EPSP synthase with no 
attendant changes in glyphosate sensitivity. 
_ While substituting either aspartic acid or asparagine 
for the glycine residue in the aforedescribed second 
conserved region results in 2 glyphosate resistant EPSP 
synthase, sn aspartic acid substitution is most preferred. 
Those skilled in the art will recognize that substitutions 
of other amino acid residues are likely to yield EPSP 
synthase which are still glyphosate tolerant and possess 
a K,, sufficient to maintain catalytic activity. Hence, 
other substitutions at this position should be contidered 
Withm the spirit and scope of the present invention. 

The glyphosate-tolerant EPSP synthase plant gene 
encodes a polypeptide which contains a chisropinst 
transit peptide (CIP), which enables the EPSP sya- 
these polypeptide to be transported into 2 chlorophst 
inside the plant cell, The EPSP eynthese gene 3s tran- 


Bow Rom Peebmrprige Le Vir Lrg NA 6 scribed into mRNA in the nucleus and the mRNA is 


translated into 2 precursor polypeptide (CTP/mature 


where x1, Xz, 3, X4, X& atid x7 are any amino acid, and EPSP synthase) in the cytoplasm. The precursor 


xs is either arginine or hysine, said 
located between positions {20 and 160 in the mature 
EPSP synthase amino acid sequence. In most cases the 
first sequence will be located between potitions 90 and 
20 and the second sequence will be located berween 


65 


second sequence polypetide is transported Gmported) intm the chiero- 


plast at which time the CTP is cleaved to produce the 
mature EPSP synthese enzyme. Scitable CTPs for use 
in the present Invention may be obtained from various 
sources. Most preferably, the CTP is obtained from the 


135 and 150 in the mature EPSP synthase. The gene = endogenous EPSP synthase gene of the subject plant to 
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5 
be transformed. Alternately, one may also use a CTP 
from an EPSP synthase gene of another plant. Al- 
though there is little homology between the CTP se- 
quences of the EPSP synthase gene and the sRU- 
BISCO gene (see ¢.g., Broglie, 1983), one may find that 5 
non-homologous CTPs may function in particular em- 
bodiments. Suitable CTP sequences for use in the pres 
ent invention can be easily determined by essaying the 
chicroplast aptake of an EPSP synthase polypeptide 
comprising the CTP of interest as described hereinafter. 
It has been found that where a CTP is used other than 
the CTP of the EPSPS gene, one may need to include a 
small part of the N-terminus of the source protein from 
which the CTP is derived to obtain efficient import of 
the EPSP synthase into the chlaroplasts. In moet cases, 
one would preferably isolate the EPSPS gene from the 
plant to be transformed and introduce the substitutions 
af the present invention into a CDNA construct made 
from the endogenous EPSPS mRNA of the subject 
plant. Suitable plants for the practice of the present 20 
invention includes, but are not Hmited to, soybean, cot- 
tan, alfalfa, ofl seed rape, flax, tamata, sugar beet, sun- 
flower, potato, tabacca, mairs, wheat, rice and letrnce. 

Promoters which are known or found to cause tran- 
scription of the EPSP xynthase gene in plant cells can be 25 
used in the present invendon. Such promaters may be 
obtained from plants, plant pathogenic bacteria or plaut 
Viruses and include, but sre not necessarily limited to, 
the 35S and 195 promoters of cauliflower mosaic virus 
and promoters isolated from plant genes such as EPSP 30 
synthase, ssSRUBISCO genes and promoters obtained 
from T-DNA genes of Agrobacterium tumefaciens sach 
as nopaline and mannopine synthases. The particular 
promoter selected should be capable of causing suffi- 
cienr expression to result in the production of an effec- 
tive amount of glyphosat-tolerant EPSP synthase pal- 
ypeptide to render the plant cells and plants regenerated 
therefrom substantially resistant to glyphosate. Those 
skilled in the art will recognize that the amount of gly- 
phosate-tolerant EPSP synthase polypeptide needed to 
induce tolerance may vary with the type of plant. 

The promoters used for expressing the EPSP syn- 
thase gene of this invention omy be further modified if 
desired to alter their expression characteristics. For 
example, the CeMV35§ promoter may be ligated ta the 45 
portion of the ssRUBISCO pene which the 
expression af ssRUBISCO in the absence of light, to 
create 2 promoter which is active in leaves but not in 
roots. The resulting chimeric promoter may be used as 
described hein. As woused herein, the phrase 50 
“CaMV35S" promoter inclades variations of 
CaMV35S promoter, «g. promoters derived by means 
of ligation with operator regions, random or controlled 
mutagenesis, additioa or duplication of enhancer se- 
quences, etc. 

Variant EPSP syntheses which contain only the gly- 
cine to alanine change at position 10] as described 
above are highly resistant to glyphosate. However, this 
resistance is uccompanied by an increase in the binding 
constant (K,_.) for phosphoenolpyruvate (PEP), one of 60 
the two natural substrates for the enzyme. The binding 
constant for the other substrate, shikimate-3-phosphate 
(SP), is not effected. For example; the wild type petu- 
nis EPSP synthase has a binding constant (Ky) for the 
competitive inhibitor glyphosate of 0.4 pM and a Ky, 65 
for PEP of §.2 pM, while the variant form with the 
alanine for glycine substitution at position 101 has a K; 
for glyphosate of 2000 uM and a Ky, for PEP of 198 


a5 


6 

pid. Because of the elevated K,, for PEP normal cata. 
lytic activity will only be achieved at physiological 
concentrations of PEP by an elevated level of the vari- 
ant euzyme. If a vanant of EPSP synthase could be 
identified that had a high Ky for glyphosate and a lower 
Ka» for PEP than the current variant, it would enhance 
the ability to achieve glyphosate tolerance in plant Spe- 
cies or plant tissues where it is difficult to engineer a 
high level of gene expression. Selecting for new glypho- 
sate-tolerant EPSP variants in bacteria would allow a 
much larger number of organisms to be screened in a 
shorter amount of time than would be possible in selec- 
tions with higher organisms, The petunia EPSP syn- 
thase CDNA clone can be expressed in E coli to pro- 
duce 2 folly functional] EPSP synthsse enzyme when 
the cDNA clone is properly tailored for expression in 
E. coll, Sa, to hasten the isolation of variants a system 
for the expression and selection of variant forms of 
pehunia EPSP synthase was developed in the common 
Inhoratory organism E& coli, 





Generd Featvres of Selection Scheme for Identifying 
Resistant Variaaty with Low Km Values for PEP 
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Exemplary Heterologous Bacterial 
Expression/Selection System 


A) Construction of pMON342 end pMON9366 ex- 
pression vectors for wild type 
EPSP synthase (glycine (101) to alanine) in & coli 

Plasmid pMON342 carries the “mature” wild-type 
petunia EPSP synthase coding sequence (without chio- 
roplast transit peptide) expressed from tandem copies of 


the bacteriophage lambda ph promoter (double ph} 10 


This plasmid was derived from pMON9S37 and 
pMON9556, petunia EPSP CDNA clones, as described 
below (the isolation of pMON9531 and pMON9556 is 
described hereinafter). 


and variant petunia 5 


contains the ATG translatinnal initiation signal of the 
coding sequence. 

To constroct pMON6001], pMON25 was digested 
with BemHi and mixed with x synthetic DNA fragment 
containing a partial phage hunbda pl. sequence (Adams 
and Galluppi, 1986) containing BamHI sticky ends: 


§-ATCCTATCT GTT- 
QACATAAATACCACTGOOCGGTGATACT- 
GAGCATATCG-7 


I-GATAGAGACCOCCACAACTGTATT- 
TATOGTGACCGCCACTATOACTCGT- 
GTAGCCTAG-5 


A unique Neol site and ATG translational initiation 16 The resulting plasmid pMON6O0I carries two copies of 


signal were introduced at the amino terminus of the 
wild-type petunta EPSP synthase cDNA cading te- 
quence for the mature protein, Simultaneously, the 
chioroplast transit peptide coding s¢quence was re- 


moved by subjecting M8017 (the Mi3mp9 clone of the 2 


300 bp EcoR] cDNA fragment of pMON9531) to site 
directed mutagenesis using the procedure of Zoller and 
Smith (1983) and the foflowmg mutagenesis primer: 


S.ATCTCAGAAGGCTCCATOGTOCT. 
GTAGCCA-Y 


A variant phage clone was isolated that contained an 
Neol site. The presence of the above-described muta: 


tion was confirmed by sequence analysis. This Mi3mp9 3 


clone.was designated MB019. 

Plasmid pMON01 is a derivative of pBR327 (So- 
beron et al., 1980) carrying the E& colf K.12 EPSP syn- 
thase coding sequence expressed from two tandem cop- 


ies of a synthetic bacteriophage lambda pL promoter. 35 


Plasmid pMON600] was constructed in the following 
manner, First, pMON4 (Rogers et al., 1983) was di- 
gested with Clal and the 2.5 kb fragment wes inserted 
into a pBR3I27 plasmid vector thet had alo been 


cleaved with Clal. The resulting plasmid, pMONB8, ap 


contains the EPSP synthase coding sequence reading in 
the sume direction as the beta-lactamase gene af 
pBR327, 

To construct pMON25, a derivative of pMONB with 


ique restriction endonuclease sites located adjacent to 43 


the & coli EPSP synthase coding sequence, the follow- 
ing steps were taken. A deletion derivative of pMON4 
was made by cleavage with BstE]] and religation. The 
resultant plasmid pMON? lacks the 2 kb BstEI! frag- 


ment of pMON4. Next, a 150 bp Hin] to Ndel fragment op 


which encodes the 5’ end of the EPSP synthase open 
reading frame was isolated alter digestion of pMON7T 
with NdeI and Hinf] and electroclution following elec- 
traphorede separation on an acrylamide gel. This piece 


was sdded to the purified 4.5 kb BamHI-Ndel fragment 55 


of pMON8 which contains the 3’ partion of the EPSP 
synthase coding sequence and # synthetic Linker with 
the sequence: 


V-GATCCAGATCTOTTOTAAGGAGT- 
CTAGACCATGGY 


Y-GTCTAGACAACATTCCTCAGATCTU- 
GTACCTTAS 


The resulting plasmid pMON25 contains the E coli 45 


EPSP synthase coding sequence preceded by unique 
BamHI and Bglll sites, a synthetic ribosome binding 
site, and unique Xbal and Neal sites, the latter of which 
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the synthetic phage lambda pL promoter fragrr ents as 
direct repeats in the BamHI site of pMONZ: in the 
correct ofentation to promote transcription of the £ 
coli EPSP synthase coding sequence. 
’ Plasmid pMONGOOL was cleaved with Ncol and 
EcoRI and the 3 kb fragment isolated from an agarose 
gel. This fragment was mixed with the small 100 bp 
Neol-EcoRI fragment purified from M8019. Following 
ligation and transformation a clone was identified that 
contained the small 100 bp Neol-EcoRI fragment cor- 
responding to the 5’ end of the “marure” EPSP synthase 
of petunia. This construct was designated pMON9S44. 

Plasmid pMON9S44 was digested with EcoRI and 
treated with alkalme phosphatase, The-EcoR] fragment 
of pMON9544 was mixed with pMON9556 DNA that 
bad been cleaved with EcoRJ to release « 1.4 kb frag- 
ment encoding the 3‘ portion of the petunia EPSP syn- 
thase coding sequence. Following ligation and trensfor- 
mation, a clone was identified that could complement 
an, coff sroA, mutation and carried the 1.4 kb fragment 
of pMONSS5S6 to give an intact mature coding sequence 
for petunia EPSP synthase. This plasmid was desig- 
nated pMON342 

The EcoRt site at the 3’ end of the EPSP synthase in 
PMON342 was replaced with 2 Clal site to facilitate 
construction. This was accomplished by partial diges- 
tion with EcoRE followed by digestion with mungbean 
nuclease to make the ends blunt. Clal linkers (5’-<CATC- 
GATG-3,, New England Biolabs} were added to the 
blunt ends by ligation with T4 DNA ligase. The mixture 
was digested with Clal to produce sticky ends, md the 
5 kb EcoRI partia} digest was isolated from an agarose 
gel and ligated with T4 DNA ligase. This plasmid was 
designated pMON9563. 

A 29-nuckotide mutagenic dearyoligooucleatide 
having the following sequence: 


5 -GOCGCATIGCCTGTAGCTGCATTT- 
COAAGG-3’ 


wat tynthesized for introdacing the alanine for glycine 
substitution xt position 101 using an automated DNA 
synthesizer (Applied Biosystems, Inc). The deox- 
yoligonucleotide was purified by preparative polyacryl- 
amide gel electrophoresis, © 

The 660 bp EcoR]-Hind ill fragment of pMON9563 
was subcloned into s EcoRI-Hindl digested 
Mi3mpl0 bacteriophage vector (New England Bi- 
olabs). The single-stranded template DNA was pre- 
pared from the subclone as described in the M13 clon- 
ing and sequescing handbook by Amershant, Inc. (Ar- 
lington Heights, 01.) and oligonucleotide omtagenesis 
reactions were performed as described by Zoller and 
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Smith (1983) using the oligonucleotide described above. 
This plasmid was designated M9551: The 660 bp 
EcoRI-Hindil fragmem of M9551 was inserted into 
pMON9563 between the EcoR] and HindZl sites, re- 
piscing the cortesponding wild type fragment. This 
plasmid was designated pMON9566. 

The double pL promoter used to express the petunia 
EPSP synthase m pMON342 and pMON9566 leads to s 
very high level of expression of the enzyme, The en- 
ryme is present at such high concentration that bacteria 
harboring either of these plasmids are tolerant to very 
high fevels of ghyphosate (> 50 1M) in growth media, 
even though the enzyme produced by pMON342 is the 
wild type form, In order to produce a plasmid thas 
would allow for selection of glyphosate tolerant forms 
of the enzyme it was necessary to replace the high ex- 
pressing lambda phage pL. promoter with a much 
weaker promoter sequence. A plasmid for identifying 
such a promoter was constructed as follows: 
pMONSS44, the precursor to pMON34Z, was digested 
with BamHI to remove the pl. promoters, and was 
recitcularized by ligation resulting in pMON342. ‘The 
EcoRI fragment of pMONS336 containing the 2’. 
cDNA portion of the penmia EPSPS cDNA was then 


20 


inserted into the EcoRI site of this plasond reconstitut- 25 


ing the entire coding sequence. The resulting plasmid, 
pMON364 is identical to p4HON342 except that there is 
no promoter 5’ of the EPSP synthase coding sequence. 

To farilitate future cloning steps, the EcoRI/PstI 
fragment of pMON344 from which the promoter ele- 
ments had been deleted was ligated to the EcoRI/Pstl 
fragroent of pMON9563 containing most of the EPSP 
synthase CDNA creating pMONSS4M. This plasmid is 
identical to pMON344 except that it bas a amnque Cla] 
site at the 3*-end of the EPSP synthase CONA and a 
urique EcoRI site within the EPSP synthase coding 
sequence. Transformation of an aroA £. col, such es 
SR481 (Bachman et al, 1980; Padgette et al, 1987} 
failed to complement the mutation, thus demonstrating 
the affective deletion of the promoter region and the 
inability of this plasmid to produce EPSP synthase in E. 
coll, Ag empitical screening approach wes used to mo- 
late promoters with an appropriate low level expression 
in & colf zs follows. 

B) Generation of a series of promoter constracts. 

Chromosomal DNA isolated from the E. coli strxm 
SR20 (GM42 hit, his-, dam3-) was digested completely 
with Mbal, The Mbol fragments were cloned into the 
Bglil site of piasmid pMONS564, The Bell] ste is in a 
multilinker located upstream of the promoterless peto- 
nia EPSPS coding sequence which had been tailored 
for expression in &. colt The ligation mixture wes used 
to transform E coff stram S$R481, the aroA- variant 
lacking endogenous EPSPS activity. Forty-one colo. 
nies wert obtained which contained Mbol fragments 
with sufficient promoter activity to fieagpdeay the Petunia 
EPSPS cDNA, complementing the aroA defect in 
SR481 and supporting cell growth on minima! medium. 
The 41 colonies were streaked individually onto MOPS 
minimal medium contaming glyphosate at [, 5, 10, 15 
and 20 pM concentrations. The amount of cell growth 
on increasing concentrations of glyphosate was used as 
4 measure of the relative promoter sirength of each 
Mbal fragment expressing the peronia EPSPS coding 
sequence. To further characterize cach of the Mbol 
promoter fragments, plasmid minipren DNA was pre- 
pared by the alkaline lysis method from each of the 41 
colonies and was digested individually with EcoRI, 
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BamHI, HindT1l, Clal and Neol. Those restriction ex- 
zymes were chosen because they cut within, or flank the 
petunia EPSPS coding sequence and would be used for 
mobilizing mutagenized fragments. Therefore, ideal 
promoter fragments would not contain restriction sites 
for any of those enzymes. There were § hfbol fragments 
with varying degrees of promoter activity which lacked 
restriction sites for the enzymes listed above. Two of 
them, pMON8105 and pMON8143, were selected for 
forther characterization. Both plasmids complemented 
the aroA, defect and supported the growth of SR48t on 
minimal medium containing up to 1] mM (pMON8105) 
and 20 mM (pMON8143) glyphosate. | 

C) Testing the Expression Vectors. 

The heterologous expression system was tested with 
a known variant to see if glyphosate resistant variants of 
petunia EPSPS could be selected. The glyphosate resis- 
tant mutation, glycine (101) to alanine, was introduced 
into the petunia EPSPS coding sequence of bath 
pMON8105 and pMONBI43 expression vectors to grn- 
etate pMONE135 and pMONBI152, respectively. That 
was achieved by replacing the 660 bp EcoRI. HindIII 
region from both vectors with the 660 bp EcoRI-Hin- 
dil] region from pMON9566 which contained the ply- 
cine (101) to alanine mutation. Both pMON8135 and 
pMON8152 were used ta transform SR48J. The 
pMON3152 construct was able to complement the aroA 
defect in SR431 and support cell growth on minimal 
medium containing up to 50 mM glyphosate. 

The weakly expressing pMON8135 (FIG. 2) con- 
struct containing the variant enzyme secqmence was not 
able to complement the aroA defect in SR431 and did 
not support cell growth oo minimal medium. A. calrure 
of SR481 ceils carrying the pMON8135 placid was 
assayed to demonstrate that the petunia EPSP synthase 
enzyme was expressed. Plasmid pMON81I35 has a spe- 
cific activity of 41 mmol/min/mg protem and 
pPMON8105 hag 2 of 28 amol/min/mg 
protein. So, the pMON8135 constrect was expressed in 
E coli with a Onn 
coastract pMONSIM. It was then h 
the elevated! Kx, for PEP of the variant coayane (198 M4 
versus 3.2 pM for the wild type) resulted in a relatively 
inefScient EPSP synthase enryme that was unable to 
complement the aroA mutation when the enzyme was 
produced at thts low evel. This resalt demonstrated the 
importance of the Ky» for PEP and the ability of 2 vari- 
ant petunia EPSPS enzyme to complement aroA when 


sg weakly expressed in E coli If a vatiant enzyme has a 
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high Ku, for PEP, then a greater level of expression is 
required to complement aroA. The weakly expressing 
yestor, pMONEIOS, therefore, provides a novel, pow- 
erful selection tool for identifying EPSPS vari- 
ants which have relatively low K.~ valnes for PEP. In 
comwbination with glyphosate selection, variants which 
combine significant glyphosate tolerance with low K., 
values for PEP can be obtained. This implies that not 
oaly can new variants of the wild type enzyme he ab- 
teined from this system, but it can also be used to select 
for second site mutations in the glycine (10%) to alanine 
variant coding sequence that lower the K,, for PEP 
while maintaining glyphosate tolerance. This unexpect- 
edly powerful selection system comstitutes one part of 
the present invention. Those skilled in the art will rec- 
ognize that one can ose other straims of aroA bacterin, 
other methods of imertion, other sources of nondom 
DNA fragments and coding seqnencea from organisms 
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11 
other than petunia while not departing from the spirit 
and scope of the invention. 

9) In vivo Mutagenesis of pMON8i35 with Ethyl 
Methane Sulfonate. 

The following mutagenesis procedure serves as an 
example of the application of this selection system for 
obtaining such second site variants of the glycine (101) 
to alanine variant of the petunia enzyme. Ethyl methane 
sulfonate (EMS) is 2 chemical mutagen commonly used 
in bacterial genetics, but it requires growing the bacte- 
rin} cultures in minimal medium. Since pMON8133 does 
not complement aroA in SR481, a prototrophic strain of 
E. coli had to be employed. 

pMONBI3S was trancfornmed Into the & coflf strain 
FMIOS. A 3 mJ colrure wes grown to saturalion over- 
night al 37° C. in DCYT media containing 50 pg/ml 
carbenicilin. A 0.5 mJ aliquot of the saturated culture 
was diluted 40 fald into 20 mi 2X YT medium in a side 
arm flask. The diluted culture was sbaken continuously 
in a water bath at 37° C, and the growth wes monitored 
using a Kiett-Summerson photoclectric colorimeter 
wotil a Klete value of 145 was reached. The culture wes 
then mixed with an equal volume (20 mJ) of m EMS 
stock solution which contained 0.8 mi EMS (Sigma 
Chemical, St. Louis, Mo.) and 19.2 ml 1X MOPS min- 
mal medium. After being shaken for 2 hours at 37° C, 
the 40 ml] culture was diluted 10 fold with 1X MOPS 
mediz to a final volume of 400 ml. The diluted culture 
was then shaken for 3 hours at 37° C. The cells were 
pelleted in a 500 ml plastic centrifuge bottle using # 
Beckman JA10 rotor for 10 min at 7000 rpm and at 5° C. 
The cells were then resuspended and washed in 100 ml 
of IX MOPS medina and then pellcted as above. The 
bacterial cell pellet was resuspended im 200 ml of 2X¥T 
growth medium and shaken in a } liter Mask for 90 min- 
ules at 37° C. The cells were then pelleted again zs 
above and were frozen at 20° C. The pellet was 
thawed and the mutagenized pMON8135 plasmid DNA 
was then extracted following a standard alkaline lysis 
procedure. 

E) Screening for Glyphosate Resistant Coding Se- 
quence Variants. 

A multi-step screening procedure was used to iden- 
tify glyphosate resistant variants of petunia EPSPS. The 
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35 


40 


first screening step involved the trensfarmation of E 45 


coli with the EMS mutagenized pMONEI35 plaanid 
DNA and selecting for glyphosate resistant colanies on 
yoinimal medium containing glyphosate. The SR48] 
aroA £. coli strain had a very low transformation fre- 
quency, yielding at best 104 transformants per ug of 
plasmid DNA. To overcome that problem, the E call 
strain JM10) was used because transformation efficien- 
cies of up to 10 transformants per pg of plaxmid DNA 
could be routinely obtained. However, JMI101 con- 
tained a fully functional aroA gene and wes able to 
grow on-MOPS minimal medium. By platmg JMID1 on 
minimal medium plates containing increasing concen- 
trations of glyphosate, it was determined that 2 mM 
glyphosate would inhibit the endogenous EPSP 


syn- 
thase enzyme activity and growth of JM101 on minimal 60 


media. Since the weakly expressing wild type petunin 
EPSP synthase cDNA construct (pMON8105) cold 
nat support the growth of the araA-E coli strain, 
SR481, on 1 mM glyphosate and the corres ing 
glycine 101 to alanine construct (pMON8135) could not 
complement the bacterial aroA, then a prototrophic 
stream of E cali can be used for the selections if the 
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12 
EMS ‘mutagenized pMONSI35 plasmid DNA was 
transformed into JM101 and glypbosate resistant vari- 
ants were stlected on MOPS minimal medium contam- 
ing 5 mM glyphosate. 

The glyphosate resistant colonies contained 
pMONB135 plasmids with # variety of mutations, in- 
cludieg promoter mutations, copy number mutations 
and glyphosate resistant mutations in the petunia EPSP 
synthase coding sequence. Mutations that increased 
plasmid copy ommber or increased the strength of the 
promoter that was used to drive the EPSP synthase 
gene would increase the amount of EPSP synthase 
enzynoe in the bacteria and would confer an aroA pesi- 
tive glyphosate tolerant phenotype to the cells. To elim- 
inate mutations in the nomcoding regions of the EMS 
mutagenized pMON8135 plasmid, the ghyphosate rests- 
tant colonics were pooled together into 2XYT liquid 
mediz contaming 50 pe/ml carbenicilliin and grown 
overnight at 37° C. with agitation to aerate the cells. 
The cells were then pelleted from the saturated cultures 
by centrifugation and the plasmid DNA. was extracted 
using the alkalme lysis procedure. The plasmid DNA 
was then digested completely with EcoRI and Clal 
enzymes snd the 1.6kb petunia EPSPS coding sequence 
region was then purified out of a 0.8% SeaPlaque (FMC 
Corporation) low gellmg temperature agarose gel. The 
1L.6kb EcoRi-Clal fragment war used to replace the 
analogous fragment containing the wild-type coding 
requence in the non-mutagenized pMON&105 expres- 
sion vector by ligating it to the 3.83 kb EcoRI-Clal 
vector fragment of this plasmid which had been isolated 
as above. The ligation mixture wes then used to trans- 
farm JMI101 cells, which were plated onto MOPS mint 
oial medium containing 5 mM glyphosate to select for 
glyphosate resistant mutations in the petimia EPSP 
synthase coding sequence region. 

The glyphosate resistant calonies obtained from the 
transformatians of the sab-cloned coding region were 
further characterized by measuring the rate of growth 
of cach variant in liquid calture in varying concentra- 
tious of glyphosate. This growth curve analysis fumc- 
tioned as a tertiary screen and was performed in the 
following way: 

Glyphosate resistant colonies were picked off the 
selection plates and inoculated individasly into precul- 
tures containing J ml of MOPS medium and 50 ptg/ml 
carbenicillim. The were then grown to satu 
ration by shaking the cultures overnight at 37° C. The 
next morning the density of each cultore was deter- 
mined by withdrawing a 100 yl stiqnot from each and 
diluting it 10 fold with the addition of 900 #] MOPS 
medium, then reading the optical density at a wave- 
length of 660 nm in a spectropbotometer. The saturated 
precultures were then diluted to 1% by adding 30 pl 
from each saturated preculture to 5 ml of MOPS meciia 
contuining 0, 5 ar 10 mM glyphosate, The diluted pre- 
cultures were prown in glass culture tubes fitted with 
stainless steel closures, rotating oa a wheel at 37° C. The 
glass colture tubes were designed for direct resding in » 
Klett-Sucumerscem eciiic colorimeter, which 
was wsed to momtor the growth of the bactenal cultures 
at approximately 3 hour intervals. 

One culture, #215, was identified which grew faster 
than all of the other glyphosate resistant coltures and 
control cultures in MOPS mediom containing 10 mM 
glyphosate. 1¢ was the only culture that had grown to 
saturation within 12 hours of growth im this concentra- 


glyphosate concentrations are greater than 2mM. The tion of elyphosate. The control cultures were 
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pMON8143 and pMONS$152 (both described above) in 
the FMIO1 & enli host. 

F) Characterization of the Glyphosate Resistant Cod- 
ing Sequence Varianoc. 

The balance of the #215 precaltare (~750 pil) was 
used to inoculate 2 mi of MOPS medium containing 50 

pg/ml carbenicillin and was shaken overnight at 37° C. 
to reach saturabon, Plasmid DNA was isolated from an 
aliquot of the saturated culture using an alkaline lysis 
procedure. The plasmid was designated pMONBI&6. 
Ag aliquot of the pMONBI&6 plasmid wag ned to trans- 
form the E. coli host SR481 (described above) and reze- 
lected on MOPS medium containing 10 mM glyphosate 
and 50 pg/ml carbenicilin. A single glyphosate resis- 
tant colony of pMON8186 was picked off the selection 
plate and used to inoculste 3 ml of 2XYT bacterial 
medium containing 50 pg/ml carbenicillin. The caltere 
was then aerated on rotating wheel at 37° C. until satu. 
rated, then it was used to inoculate 2 larger 500 ml 


10 


culture. The large caltere was grown to saturation by 20 


shaking it overnight at 37* C. in a water bath. The Bac- 
teria] cells were lysed and the extracts were assayed for 
EPSPS activity. 

Specifically, the bacteris! cell paste was washed 
twice with 0.9% saline, suspended in buffer (100 mM 
Trs-HC, 5 mM benzamidine HCl) and passed twice 
through the French Pressure Cell at 1000 psi The cell 
extract was separated from the cells by centrifuging at 
15,000 x gravity for [0 mins. at 3° C. 14 was desalted 


using Sephadex G-50 (Pharmacia, Piscataway, NIL). 30 


The desalted extract was assayed for EPSP synthase 
activity as follows: 

To an assay mau ape jy) containing shikimuate-3-phos- 
phate (2 mM), ! 4C-phosphoenolpyruvate (1 mM, 12 
mCi/mmol, ammonium molybdate (0.1 mM), potas- 
sium fluoride (5 mM) in 50 mM HEPES-KOH, pH 7, 
was added the extract and incubated at 25° C. for 2 
mins. The reaction was by the addition of 530 
wl of 50 pel of 920% ethanol/O.1M acetic acid, pH 4.5. 70 


pl of the reaction mixture was loaded on a SynchroPak 40 


AX100 HPLC column (0.4X25 cm) and the column 
was eluted with 0.5M potassium phosphate, pr 5.5 at ! 
ml/min. The radioactivity of the eluent was monitored 
using a Radiomatic Flo-One Beta Enstrument, (Radi- 
omatics, Fla). The EPSP synthase activity was deter- 
mined by measurement of the conversion of 4C-PEP to 
4c. EPSP synthase, both of which are resolved under 
the above conditions of chromatography. The protein 
content of the extract was determined by the method of 
Bradford (Biorad Labs, Calif!). The specific activity of 
the extract is expressed as nanomoles of EPSP synthase 
formed/min/mg protein. 

Kinetic constants (appKin PEP and appKi glypbo- 
suis) were determined for EPSP synthase 2s described 
below. Substrate kinetic parameters were determined at 
pH 7.0 in 50 mM HEPES (N-(2-hydroxyethyl]pipera- 
zine-N’-{2-cthanesulfonic acid)]) buffer in the presence 
of 2 mM S3P and varying amounts of '4C-PEP (10 
pM—t00 pM), for 2.0 minutes at 25° C. Reactions were 
quenched with 100 mM Na Acetate in ethanol, pH 4.5, 
centrifuged and analyzed for product EPSP formation 
by HPLC with flow radioactivity detection. HPLC 
conditions were 0.35 MKPi, pH 65, on 2 Synchropak 
AX100 column at 1.0 ml/min. The resulting rates were 
plotted by hyperbolic plot, Lineweaver-Burk plot and 
Eadie-Hofstee plot and an average Kin for PEP valus 
obtained. The appKi for glyphosate versus PEP was 
determined as described for the substrate kinetic com 
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14 
slant except in the presence of varying concentrations 
of glyphosate (0,100,200,400 uM). Initial rate data was 
plotted as I/[PEP] versus 1/V and the slopes of the 
resulting lines were replotted versus [plypbosate], 

The assay results showed that the bacterial cells con- 
taining the pMONS136 plasmid had an EPSP synthase 
activity of 28amoles of EPSP formed/min/me of pro- 
tein. The enzyme was highly resistant to glyphosare as 
indicated by a Kyfor ghyphotate of 348 pM. The Km for 
PEP was determined to be 40 pM. The petunia EPSPS 
glycine (101) to alanine variant hes 2 Ky for glyphosate 
of 2000 pid and a Kx for PEP of 200 uM. The Ki/Ks; 
ratio for the pMON8186 encoded glyphosate resistant 
variant enzyme ts 7.7, which is similer to thet of the 
progenitor glycine (101) to alanine variant whase ratio 
is 10.0, However, the pMONBI186 enzyme has a Kn for 
PEP that is more than four fold lower than the glycine 
(101) to alanine variant. The lowering of the K,, for 
PEP makes the pMONSIi86 variant enzyme more effi- 
cient kinetically, ax demonstrated by its ability to sup- 
port the growth of & colfin MOPS medium containing 
high concentrations of glyphosate. This demonstrated 
that our selection system allowed for the induction acd 
identification of mratations of the petunia EPSPS gly- 
cme (101) to alanine variant enzyme which woukl main 
tain the glyphosate resistant properties of the original 
variant, but lower the K.. for PEP. The pMONS8I86 
resalts also demonstrated that the improvements in the 
Kw for PEP could be selected in the heteralogous bac- 
teria] expression system described shove. A vanant 
petonia EPSP synthase comtaming the glycine (10f) to 
slenine substitution and the glycine (144) to asparagine 
substitution exhibited a E,, for PEP of 93 pM anda Ky 
for glyphosate of 960 pM == 10.5). 

G) Identification of the EMONRIR6 Mutation. 

To identity the EMS indaced mutation responsible 
for the improved glyphosate resistant properties of the 
pMON2 186 variant enzyme, it was first localized within 
the coding sequence region. This was achieved by sub- 
cloning the 5" and 3” halves tndividually into a bacterial 
averexpression vector and determining the kinetic 
properties of coch subclone xs follows: The 640 bp 
EcoRI-HindIii fragment from the petunia EPSPS cod- 
ing sequence in pMON9767 was replaced with the anal- 
agous EcoR]-Hindiil fragment from pMON8I36, Plas- 
mid pMON9767 is a derivative of pMON9566 (da. 
scribed above) in which an Xbal site had been created at 
the 3’ end of the petunix EPSPS glycine (101) to alanine 
variant coding scqucace by Hind T1-Cial fragment of 
thet ia EPSPS coding sequence region from 
pMON9767 was replaced with the analogous HindHt- 
Clal fragment from pMON#186. The constructs were 
then transformed into SR48T and plated on MOPS mr- 
dium containing 50 pg/ml carbenicillin. Large scale 
cultures (50 ml 2X YT containing 50 ug/ml carbenicil- 
lin} of each subclone were prepared from single colo- 
nies picked off the selection plates. The calhures were 
grown to raturation by shaking them ovemight in # 37° 
C. waterbath, The cells were pelleted and tysed. The 
bacterial extracts were assayed 23 described above and 
the approximate Ky snd K,, values were determined for 
each pMONS186 subclone, The kinetic values for the 
EcoRI-Hind II region subclone were similar to those of 
the intact pMON8186, while those of the HindITl-Clal 
subclone were similar to those of pHON8135. Thos, the 
EMS induced, second site mutation responsible for the 
excellent kinctic of pMON8186 was located 
on the 660 bp EcoRI-HindIli fragment. That subclone 
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of the EcoRI-HindI]I] region was designated 
pMON8191, 

The 640 bp EcoRJ-HindI fragment of pMONS186 
Was sequenced to determine the exact nucleodde 
change and the corresponding amino acid change re- 
sponsible for the new kinetic properties of the 
pMONS8186 encoded variant enzyme. The 660 bp 
EcoRI-Hindll fragment from pMON8186 was inserted 
into EcoRI-HindIT cut Mi3mpt8 and M13o7p19 bacte- 
slophage vector DNAs and were designated M8059 and 
M3058, respectively. Following transformations into 
J}4101, single plaques were picked and single strand 
template DNA was prepared fram each (protocol from 
Amersham, M13 cloning and sequencing handbook}. 
The template DNAs were sequenced by the method of 
Sanger using the reageats and protocol from a commer 
cially available DNA sequencing lat from United States 
Biochemical Corporation. The presence of the glycine 
(103) to alanine substitution was confirmed in the DNA 
sequence. In addition, there was a single gnenine to 
adenine transition at the second nucleotide position of 
the GGT codon for glycine (144) in the mature petuniz 
EPSP synthase, resulting in a glycine to aspartate amino 
acid substitation at the 144 position. The puanine to 
adenine transition is consistent with the type of mute 
tion known to be induced by EMS. Thus, the improved 
kinetic properties of the pMON8186 encoded glypho- 
sate resistant petunia EPSPS variant enzyme are due to 
a combination of two substitudons: one resulting in the 
glycine (103) to alanine change, the other resulting in a 
glycine (144) to aspartic acid amino acid change. 

The petunia EPSP synthase coding sequence contain 
ing the glycine (101) to alanine and glycine (144) to 
aspartic acid substitutions was engineered for appropri- 
ate expression in plant cells. Construction of the inter- 
mediate plant transformation vector and Agrobacterium 
tumefaciens-based transformations of plant cells is de- 
scribed below. 


Constroction of pMON915 


The plant transformation vector pMONSIS5 was de- 
rived from the pMON89S vector. The pMON89S plas- 
mid (FIG. 3) is made up of the following segments of 
DNA. The first segment = 2 0.93 Kb Aval to engi- 
nected EcoRV fragment isolated from transpotoa Tn? 
that encodes bacterial spectinomycin/streptomicin re- 
sistance (Spe/Str), which is # determinant for selection 
in & coli and Agrobacterium tumefaciens. This is jomed 


358/KAN/NOS 3) consists of the cauliflower mosxic 
virus (CaMV) 355 promoter, the neomycin phospho- 
transf xase type I] (KAN) gene, and the 3'nontran- 
slairc: and fanlong regions of the mopaline synthase 
gene (NOS 3°). The next segment is the 0.75 Kb ori-V 
containmg the origin of replication from the RK2 plas- 
mid, It is joined to the 3.1 Kb Sall to Pvul segment of 
pBR322 (ori-322) which provides the origin of replica- 
tion for maintenance In & coli and the bom site for the 
conjugational transfer into the Agrobactertum tumefaci- 
ens cells. The ori-V and on-322 segments also provide 
homology for the recombination of the vector into the 
disarmed pTiT37-CO plasmid to form a hybrid T-DNA 
as described below. The neat segment is the 0.14 Kb 
Pyul to Bell from pT1737 that carries the nopaline-type 
T-DNA right border. 


10 


16 : 

The pMON895 plasmid conteins next the 3.14 Kb 
DNA segment that encodes a chimeric gene far expres- 
sion of the petunia S-enolpyruvylshikimate-3-phosphate 
synthase, The chimeric gene consists of the 0.46 Kb 
CaMV 35S promoter enhanced as described by Kay et 
al (1987) (P-c35S), followed by the 2 Kb coding se 
quence for the petunia EPSPS with the glycine (JC) to 
alanine substitution (prePEPSPS:2}, and the 0.48 Kb 3' 
nontransiated region of the soybean alpha’ sabunit of 
the beta-conglycinin gene (7S 3) (Schuler et al. 1982). 

Plasmid pMONSI5 (FIG. 4) was constructed from 
three DNA fragmenss: 


1, The 7.9% Kb BglII to XbaI fragment from 
pMON895 containing the P-e35S promoter, the 
Spe/Str gene, P-35/KAN/NOS 3, ori-V, ori-PBR, and 
the right border. 

2, The 1.27 Kb Xbal to EcoRI fragment from 
pMON8191 containing the petumia EPSP synthase pene 


. with the glycine (101) to alanine and glycine (144) to 
20 aspartic acid substitutions. 


3. The 0.31 Ko EcoRI to Bglll fragment from 
PMON895, which contains the petunia EPSP synthase 
chloroplast transit peptide. 

The pMONSI5 plasmid was introduced into the 
ACO Agrobacterium strain, The strain carries the dis- 
armed pTiT374CO nopaline type plasmid. Referring to 


_ FIG. 5, a restriction map is provided of the T-DNA 
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region of the A208 Agrobacterium tumefaciens strain 
plif3? plesmid, which was disarnied to create the 
ACO strain, The hatched boxes show the segments of 
the Ti plasmid DNA which were used to provide ho- 
mology for recombination and replncement of the T- 
DNA. The T-DNA segment was replaced by the Tn601 
bacterial kanamycin resistance gene (KnR)} segment 
joined to the orf V and pBR322 segment hamologous to 
the vectors described above. The recombination be- 
tween the disarmed pTIT37-CO and pMON915 plasmid 
takes place through the pBR322 osiV area of homology, 
resultmg in the hybrid T-DNA which contains the en- 
tire pMONSIS DNA. On cultivation of the Agrobacte- 
nium with plant cells, the hybrid T-DNA segment be- 
tween the ket and right borders is transferred to the 
cells and integrated into the genomic DNA. 

The variant EPSP synthase polypeptides of the pres- 
ent invention may be prepared by cither polypeptide 
synthesis or isolation and mutagenesis of a EPSP ryn- 
thase gene ta produce the above described plyphosate- 
tolerant molecule. Since it is foreseen thar the greatest 
wulity of the present invention is in the preparation of 
gyphosate-tolerant plants, nucleotide sequences (cither 
cDNA or genomic) encoding the glyphosate-tolerant 
EPSP synthase can be easily prepared in the following 
manner. 


CDNA Coding Sequences 


Total RNA is Isolated from the source materia] 
which inclodes, but is not necestarily fimited to, fungi 
and plant tissue. PolyA-mRNA ig selected by oligodT 
cellulose chromatography, A cDNA brary is thea 
prepared asing the polyA-+mRNA. The cDNA library is 
then screened using a previously cloner EPSP synthase 
sequence or a suitable oligonucleotide probe. Suitable 
oligonucleotide probes include probes based on the 
conserved region having the amino acid sequence 
(L-G—-N—A-~G--T-~A} or probes based on the 
amino acid sequence of other portions of the EPSP 
synthase molecule. The cDNA fragments selected by 
hybridization are then sequenced to confirm that the 
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fragment encodes the EPSP synthase and to determine 
the DNA sequence encoding and adjacent to the con- 
served amino acid enon described above. 

The EPSP synthase clone is then altered by oligonu- 
cleotide mutagenrsis to insert the DNA substirution 
necessary tO result in the alanine for glycine substitution 
in the first conserved amino acid requence and un aspar- 
te acid for glycine sobstitution in a second conserved 
amino acid sequence 2s previously described. The 
above procedure produces a cDNA sequence which 
encodes the glyphosate-tolerant EPSP synthase of the 
present invention based on the wild-type EPSP syn- 
thase of the selected source material. This structural 
coding sequence can be inserted into functional chime- 
ric gene constructs and inserted into suitable plant trans- 
formation vectors to be used in preparing transformed 
plant cells and regenerated plants using the methodol- 
ogy described herein. 


Genomic EPSP Synthase Clone 


Generally it is preferred that the plant tissue from the 
plant species to be transfarmed also serve as the source 
material for the DNA coding sequence for the glypho- 
saic-tolerant EPSP synthase of the present invention. In 
this way, one would easily obtain the chloroplast transit 
peptide coding sequence from the plant species to be 
transformed. In some cases, it may be beneficial to uti- 
lire a genomic clone from the plant species which com. 
prises the introns normally found in the endogenous 
EPSP synthase gene. The general method described 
above i also applicable with the exception thor the 
probes are used to screen 2 genomic DNA library con- 
structed from the selected plant tissue. Detailed exam- 
ples berter elucidaring this preparation of cDNA and 
genomic DNA giyphosate-tolerant EPSP synthase con- 
structs of the present invention are provided below. 


PREPARATION OF EPSP SYNTHASE PLANT 
TRANSFORMATION VECTORS 


I. cDNA ENCODING THE EPSP SYNTHASE 
OF PETUNIA 

Described below is the methodology employed to 
prepare the cDNA clone of petunia EPSP synthase 
which was used in the mutagenesis procedure described 
above. Clones of wild-type EPSP synthases from other 
plant sources can be obtained in a similar manner and 
the above described mutations introduced by site di- 
rected mutagenesis. 

A. Creation of MP4-G Cell Line 

The starting cell line, designated as the MP4 line, was 
derived from a Mitchell diploid petunix (see e.g., Ausu- 
bel 1980), The MP4 cells were suspended in Murashige 
xad Skoog (MS) cultore medin, (GIBCO, Grand Island, 
N-Y.) All unasfers involved dispensing 10 ml of sospen- 
ston culnires mio 50 mi of fresh medin. Cultivation 
periods until the next traosfer ranged from 10 to 14 
days, and wernt based on visusl mdicetions that the 
culture waa e ing saturation. 

Approximately 10 mJ of saturated suspension culture 
(containing about 5> 106 cells) were transferred jaro 50 
mi of MS media containing 0.5 mM glyphosate, The 
sodium salt of glyphosate was used throughout the 
experiments described herem. The large majority of 
eclis were unable to reproduce m the presence of the 


glyphosate. The cells which survived (estimated to be 65 Fract 


less than 1% of the starting population) were cultured in 
0.5 mM glyphosate and transferred to fresh media can- 
taining glypbosate every 10 to 14 days. 


4 


1) 


25 


30 


33 


4 


43 


6 


18 

After two transfers, the surviving cells were trans- 
ferred into fresh media containing 1.0 mM glyphosate. 
After two traaosfers at 1.0 mM, the surviving cells were 
transferred sequentially into 25 mM glyphosate, 5.0 
mM glyphosate, and {0 mM glyphosate, 

The MP4-G cells prepared as described above were 
subsequently shown by a Southern blot analysis (South- 
ern, 1975) to have about 15-20 copies af the EPSP 
syothase gene, due to a genetic process called “gene 
amplification” (see ¢.g. Schimke 1982}. Although spon- 
tancons mutations might have occurred daring the rep- 
lication of any cell, there is no indication that any muta- 
tion or other modification of the EPSP synthase gene 
occurred during the gene amplification process. The 
anly known difference between the MP4 and the 
MP4-G cells is that the MP4-G cells contain multiple 
copies of an EPSP synthase gene and pocsibly other 
genes located near it on the chromosomes of the cell. 

B. Purification and Sequencing of EPSP Synthase 


Petunia cells from the MP4-G cell line were har- 
vested by vacanm filtration, frozen under liquid N, and 
ground ta a powder in a Waring blender. The powder 
was suspended im 0.2M Tris-HCl, pH 7.8 containing 1 
mM EDTA and 7.5% w/v polyvinyipolypyrrotidone. 
The suspension was centrifuged at aboot 
20,000 gravity for 10 min to remove cell debris. Nu- 
cleic acids were precipitated from the supernatant by 
addition of 0.1 volume of 1.496 protamine sulfate and 

The crude protem suspension was purified by five 
sequential steps (see Mousdale 1984 and Steinrucken 
1985) which involved: (1) ammonhum sulfate precipite- 
tien; (2) dicthylaminoethy! cellulose ian exchange chro- 
matography; (3) hydroxyapatite chromatography; (4) 
hydrophobic chromatography on a phenylagarose gel: 
and (5) sizing on a Sephacry! S-200 gel. 

The purified EPSP synthase polypeptide was de- 
graded into a series of individual amino acids by Edman 
degradstion by a Model 470A Protein Sequencer (Ap- 
plied Biosystems Inc., Foster City, Calif.) using the 
methods described in Himkapiiler 19834, Each amino 
acid derivative was analyzed by reverse phase high 
performance liquid chromatography, 25 described by 
Hunkapiller 19836, vsing 2 cyanopropyl column with 
over 22,000 theoretical plates (3M Instroments, Wal- 
lingford Conn.) A partial amino scid sequence for peta- 








nia EPSP synthase is shown in Table 1. 
TABLE 1 
__Prtoota EPSP Sypchasc Sequenoss 
4 | 19 il 22 13 
Antaa (its Pro tle Lyt Gly lle 
Acid: 
mRNA FCAP CCN AUU GAP CAP AUU 
strand: | Sid Cc 
A A 
Cocxple- *-GTQ GGN TAA TIQ CTQ TAA 
torutx'y a) ) 
DNA U # | 
tirxnd: 
Syathetic 
DNA. 
Probe: 
EPSPI: 5-OTQ Gor TAP ‘TQ CcTrq TA 
EPSP2: YGTQ GOQ TAP IQ CIQ TA 
EPSP: 3-<G7TQ GGN TAT ‘TIQ CTO TA 
SCAA CCC AU AAA GA AUU 


mRNA 
Sequence: 
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C. Synthesis of Probes 

Using the genetic code, the amino acid sequence 
indicated in Table | was used to determine the possible 
DNA codons which are capable of coding for each 
indicated amine acid. Using this information, three dif. 
ferent probe mixtures were created and designated as 
EPSP-}, EPSP-2, and EPSP-3, as shown in Table 1. In 
this table, A, T, U, C, and G represent the nucleotide 
hase: adenine, thymime, uracil, cytosine and guanine, 
The letters P, Q, wad N are variables; N represents any 
of the bases; P represents purines (A or G}; Q represents 
pytimidines (U, T, or CL 

All oligonucleotides were synthesized by the method 
of Adams 1983. Whenever 2n indeterminate nucleotide 
position (P, Q or N) was reached, 2 mixture of appropri- 
ate nucicotides was added to the reaction mixture 
Probes were labeled 20 pmol af a time shortly before use 
with 100 pCi y-2P}-ATP (Amersham) and 10 units 
polynucleotide kinase in 50 mM Tris-HCl, pH 7.5; 10 
mM MgCl, 50M DTT, 0.1 mM EDTA, and 0.1 mM 
spermidine. After incubation for 1 hr, at 37° C, the 
probes were repurified on rither s 20% acrylamide, &Moi 
urta gel or by passage over 2 § ml column of Sephadex 
G25 in 0.1M NaCl, 10 mM Tris-HCl, pH 7.5, | mM 
EDTA. 

D. Preparation of mRNA and Preliminary Testing of 
Probes | 

{a} Poly-A mRNA 

Total RNA was isolated from the MP4 (glyphosate 
sensitive) and MP4-G (plyphosate resistant) cell lines ma 
described by Croidberg 1981, Total RNA was further 
sedimented through a CsCi cushion as described by 
Depicker 1982. Poly-A mRNA was selected by oligo- 
d¥ celiglose chromatography, The yield of poly-A 
RNA was 1} wicrograms (1g) per gram of MP4 cells 
and 2.5 pe/pm of MP4-G cells. 

(b) Gel Processing of RNA 

Ten peg of paly-A RNA fram the MP4 or MP4-G cell 
lines were precipitated with ethanol and resuspended in 
IX MOPS buffer (20 mM MOPS, pH 7.0, 5 mM sodium 
acetate and | mM EDTA, pH 8.0} containing 50% 
formamide and 22M formaldehyde, RNA was dena- 
tured by heating at 65° C. for 10 mim. One-fifth volume 
of a loading buffer containing 50% glycerol, 1 mM 
EDTA, 0.49% bromophenol bloc and 0.4% xylene cya- 
nol was then added. RNA was fractionated on «2 1.3% 
agarose gel containing 1,1M formaldehyde until bromo- 
phena] blue was near the bottom, Haclil-digested 
fX174 DNA, labelled with 7P, was min as a size ston 
dard. The DNA markers indicated approximate tires 
for the RNA bands. 

(c} Transfer of RNA to Nitrocefiulose 

RNA was transferred to nitrocellulose (FBABS, 
Schleicher & Schuell, Keene, NH.) by blotting the gels 
overnight cang 7OX SSC (IX SSC bk OSM NaCl, 
O.0O15M sodium citrate, pH 7.0) as the transfer buffer. 
After transfer, filters were air-dried and beked in a vac- 
uum oven for 2-3 hrs at 80° C 

(d) Preliminary Hybridtration with Radioactive 

bes 


Filters were prehybridized in 6xXSSC, 10x Den- 
hardt’s solution (1 x Denhardt's olution ts 0.02% ficod, 
0.02% polyvinylpyrrolidone, 0.02% bovine serum albu- 
min), 0.59% NP-40, and 200 pe/mi & coll transfer RNA 
at 50° C. for 4 brs. Hybridization was carried out m2 
similar fresh solution conteining 2% 10° cpm/mi of c+ 
ther EPSP-} or EPSP-2 probe foe 48 hrs at 32°C. The 
EPSP-3 probe was not tested since it contained a codan 
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(ATA) that i rarely found in the peta genome Hy- 
bridization temperature (32° C.) used in each case was 
10” C. below the distociation temperature (Td) calcu- 
lated for the oligonucleotide with the lowest GC con- 
tent in a mixture, The Td of the probe was approxi- 
mated by the formula 2? C.xX{A+T)+4 CxK(G+4C), 

{c) Filter Washing . 

The filters were washed twice for 15-20 min at room 
temperature it 6X SSC and then for 5 min at 37° C with 
genfle shaking, Filters were then wrapped in plastic film 
and sutoradiographed for 12-14 hrs at —70° C. with 
two intensifying screens. The filters were then washed 
again for 5 min with gentle shaking at w temperature of 
42° C. The filters were autoradiographed egain for 
12-14 hrs. The autoradiographs indicated that the probe 
EPSP-1 hybridized to an RNA of approximately 1.9 kb 
in the inne containing the poly-A RNA from the 
MP4-G cell line. No hybridization to this RNA was 
detected in the lane containing the poly-A RNA from 
the MP4 cell line. This result was attributed to overpro- 
duction of EPSP tynthase mRNA by the MP4-G ceil 
Ime. The probe EPSP-2, which differs from EPSP-] by 
x single nucicotide, showed barely detectable bybridia- 
tion ta the 1.9 kb mRNA of the MP4-G cell Hine but 
hybridized strongly to a 1.0 kb mRNA. from both cell 
lines. However, the 1.0 kb DNA war not sufficient to 
encode a polypeptide of 50,000 daltons, and it is be- 
lieved that one of the sequences in the EPSP-2 probe 
hybridized to an entirely different sequence in the li- 
brary. These results suggested that degenerate probe 
mixture’ EPSP-{ contained the correct sequence for 
EPSP synthase. This mixrure was used in all suberquent 
degenerate probe hybridization i 

E. Preparation of Agt 10 cDNA library 

(a} Materials Used 

AMV reverse transcriptase was purchased from 
Seikagaku America, Inc., St Petersburg, Fla; the large 
fragment of DNA polymerase I (Oenow polymerase) 
was from New England Noclear, Boston, MA; 51 nu- 
clesse and tRNA. were from Sigma; AcA 34 column 
bed resin was from LKB, Gaithersburg, Md: EcoRI, 
EcoRI methylase and EcoRI lmkert were from New 
England Biolabs, Beverly MA; RNAsin (ribonuclease 
inhibitor) wes from Promega Biotech, Madison, Wis. 
and xii radioactive compounds were from Amersham, 
Aniington, Hts, Hi. 

The AgiiO vector (ATCC No. 40179) and associated 
E coll cell lines were supplied by Thanh Hoynb and 
Roanld Davis at Stanford University Medical Schoal 
(see Huynh 1935). This vector has three important char- 
acteristics: (1) it has a unique EcoRI] insertion rite, 
which avoids the need to remove a center portion of 
DNA from the phage DNA before inserting new DNA; 
(2) DNA ranging in size from zero to about $,000 bases 
can be cloned using this vector; and, (3) a Hbrary can be 
processed using & coli MA150 cells (ATCC No. 53104) 
to remove clouss which do not have DNA inserts. 

(b) cDNA First Sorand Synthesis 

Poly-A. mRNA was prepared as described in section 
D).(a) above, and resuspended in 50 mM Tris (pH &.5), 
10 mM MgCh, 4 mM DTT, 40 mM KCI, 500 uM of 
GQAGCTSTP, 10 pg/ml dbpeisprumer, and 27.5 
units/ml RNAsin. In 2 120 p) reaction volume, 70 units 
reverse troouscriptase were added per 3 wg of paly-A 
RNA. One reaction tube contained y-?P-dCTP (5 
uCi/120 pl reaction) to ellow monitoring of cDNA rhe 
and yield and to provide a first strand label to monitor 
later reactions. In order to disrupt mRNA secondary 


